Elicitors trigger defence responses in plant cells through signal transduction pathways, leading to accumulation of pathogenesis-related (PR) proteins and, eventually, pathogen resistance. To understand defence responses of hybrid poplar (Populus alba ϫ P. tremula var. glandulosa), we isolated and characterized upregulated genes in poplar cells by laminarin-induced elicitation using suppression subtractive hybridization (SSH) and cDNA microarray approaches. A total of 1,269 clones in the SSH library were sequenced and a cDNA microarray, containing 265 unique subtracted clones, was fabricated. From the microarray results, 37 clones were found to be upregulated by laminarin treatment and their putative functions are discussed. Genes involved in signal transduction, transcriptional regulation, and phytohormone biosynthesis were upregulated. Other genes encoding PR proteins, peptidases, and an ABC transporter, as well as genes involved in lignification and protein synthesis and turnover, were also identified. Our results suggest that well-organized defence responses, from signal transduction to accumulation of PR proteins, are activated in poplar cells by laminarininduced elicitation and could contribute to resistance against pathogens.
Introduction
Diseases and pests are a major factor in forest destruction, which is important in terms of decreasing forest resources and biodiversity, as well as economically (RALPH et al., 2006; LIPPERT et al., 2009) . Rapid diffusion of insects and diseases, and even introduction of exogenous species, are threatening forest health worldwide (JONES et al., 2008) . In Korea, about 167,084 ha of forest were damaged by diseases and pests in 2011 (Korea Forest Service, 2012). Therefore, it is important to understand plant defence mechanisms against pathogens in forest trees and to identify ways to improve these.
Experimental handling of pathogens can be problematic for researchers, because even a small error could result in their spread, potentially leading to devastation of nearby forests. Thus, extracts from pathogens or other living organisms, such as fungi, bacteria, and microorganisms, which are well known as elicitors, are frequently used to trigger plant defence responses . Among the various kinds of elicitors, laminarin, composed of ␤-1,3-glucan, extracted from the brown algae Laminaria digitata, induces a variety of defence reactions in tobacco (KLARZYNSKI et al., 2000) , grapevine (AZIZ et al., 2007) , and potato (ARASIMOWICZ-JELONEK et al., 2013) . Laminarin activates defence mechanisms through signal transduction pathways and this is accompanied by alkalization of incubation medium and active oxygen species (AOS) production as signals of pathogen attack, inducing the accumulation of pathogenesis-related (PR) proteins; eventually pathogen resistance, such as systemic acquired resistance, is triggered (AZIZ et al., 2007) .
Plant cell suspension culture provides a high degree of both genetic and physiological homogeneity and is not technically challenging . The technique is also useful in examining responses of cells to changes in culture conditions, cell division, and growth, as most genes involved in development and environmental responses are expressed at similar levels in culture to those found in whole plants (MENGES et al., 2003) . Thus, a number of plant suspension cell systems, including Arabidopsis (HAAPALAINEN et al., 2012) and tobacco (DOKLADAL et al., 2012) , have been used to identify defence reactions provoked by treatment with elicitors.
Populus is used as a model system to study tree growth and development (WANG et al., 2011) , wood formation (ZAWASKI et al., 2012) , and environmental responses (CHEN et al., 2012) ; however, despite the widespread devastation of forest trees by invading insects, fungi, and pathogens, only limited information is available on the defence mechanisms of trees.
A functional genomics approach to characterize inducible defences against insect herbivory of Populus trichocarpa ϫ deltoides by the caterpillar, Malacosoma disstria, revealed that genes involved in defence, secondary metabolism, transport, and transcriptional regulation are significantly induced in this system (RALPH et al., 2006) . YUAN et al. (2008) identified 40 differentially expressed proteins, in functional groups of protein synthesis, metabolism, and defence responses, in Populus tomentosa after infection with black spot disease (Marssonina brunnea). Thus, it is clear that forest trees have developed resistance mechanisms against diseases, which are regulated at the molecular level. In this study, as a first step to elucidating the defence responses of Identification of upregulated genes in laminarin-treated poplar (Populus alba × P. tremula var. glandulosa) suspension cells by suppression subtractive hybridization and cDNA microarray poplar, we employed suppression subtractive hybridization (SSH) and cDNA microarray approaches to identify upregulated and newly induced genes in poplar cells by laminarin-induced elicitation. In addition, differential expression of isolated genes was verified by real-time quantitative PCR (RT-qPCR).
Materials and Methods

Plant materials and growth conditions
Poplar (Populus alba ϫ P. tremula var. glandulosa) suspension cells were maintained as described previously . Briefly, 1 g (fresh mass) of suspension cells were transferred to 100 ml MS liquid medium, containing 1 mg l -1 2,4-dichlorophenoxyacetic acid, 0.1 mg l -1 naphthalene acetic acid, and 0.01 mg l -1 6-benzylaminopurine, and maintained on a gyratory shaker with agitation at 130 rpm in a culture room at 22 ± 1°C. Five-day-old cells were treated with laminarin. To determine the effect of laminarin, the pH of culture medium was measured with an electrode every 5 min, starting 10 min before the treatment. The pH values of sterilized water-treated cells were also measured under the same conditions. All measurements were carried out in triplicate. Amounts and duration of treatments are indicated in the figure legends. Cells were harvested by vacuum filtration, frozen in liquid nitrogen, and stored at -70°C for RNA extraction.
Construction of subtracted cDNA library and sequence analysis
Total RNA was extracted using TRI regent (Molecular Research Center, Cincinnati, OH, USA) and mRNA was isolated using the Oligotex mRNA Mini Kit (Qiagen, Valencia, CA, USA). SSH was performed with 2 µg of mRNA from water-treated control cells as the driver and the same amount of mRNA from laminarin-treated cells as the tester using a PCR-Select cDNA subtraction kit (Clontech, Palo Alto, CA, USA). The subtracted cDNA library was constructed by cloning the subtracted cDNAs into the pGEM-T Easy vector (Promega, Madison, WI, USA) and then transforming into Escherichia coli, strain JM109 (Promega).
Plasmid DNA was purified using an AccuPrep Plasmid Extraction kit (Bioneer, Deajeon, Korea) and sequenced using a Dynamic ET Terminator Cycle Sequencing kit (Amersham, Uppsala, Sweden) on an RISA-384 automatic sequencer (Shimazu, Tokyo, Japan). The BLASTX algorithm was used to search the GenBank non-redundant (nr) protein database and sequences with the scores ≥ 80 were considered to have significant homology.
cDNA microarray analysis cDNA microarray fabrication, probe preparation, hybridization, and data analysis were conducted as previously described . Briefly, cDNAs representing 265 unique genes from the SSH library were amplified with a T7 and SP6 primer set, and the PCR products were spotted onto silanized glass slides (Ultra-GAPS™, Corning Lifescience, CA, USA). For each experimental condition, 3 µg of total RNA was reverse transcribed in the presence of Cy3-dUTP or Cy5-dUTP (Amersham) and used for microarray hybridization. Slides were scanned using an Axon GenePix 4000B scanner (Axon Instruments, Foster, CA, USA) and images quantified using GenePix Pro 4.1 (Axon Instruments). Normalization and statistical analyses were performed using GeneSpringGX 7.3.1 (Silicon Genetics, Redwood, CA, USA). Fold change was calculated by dividing the median normalized red channel intensity by the median normalized green channel intensity.
Real-time quantitative PCR validation
Primers for three genes randomly selected from those identified as differentially expressed by microarray analysis were designed using IDT SciTools (http://www. idtdna.com) ( Table 1) . A gene encoding ubiquitin-conjugating enzyme (GenBank accession number CX654542) was used as a reference. Two micrograms of total RNA was reverse transcribed, diluted 100-fold with sterile water, and used as a template. Each 20 µl reaction mixture contained 1 µl of the diluted-template, 10 µl of 2 ϫ SYBR ® Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA), 1 µl each of the 10 µM forward and reverse primers, and 7 µl of nuclease-free water. The cycling conditions for amplification included 10 min at 95°C for polymerase activation, followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min. For amplicon detection, PCR was performed on DNA Engine OPTICON™ continuous fluorescence detection system (MJ Research, Waltham, MA, USA) and fluorescence was measured at the end of each cycle. Melting curves were generated by denaturing the reaction mixture from 60°C to 95°C, with data capture every 0.2°C. Relative transcript quantity was determined using the ⌬⌬Ct method (PFAFFL, 2001 ) by comparing the data for each gene in the laminarin-treated cells with that for watertreated control cells. The PCR products were confirmed by 2 % agarose gel electrophoresis to verify that a single product of the expected size was produced. PCR was conducted in duplicate for all primer pairs.
Results and Discussion
Medium alkalization
When pathogens attack plants, plant cells detect them using receptors encoded by R genes, and the early responses of plants are through signal transduction (BLUME et al., 2000) . Calcium (Ca 2+ ) and hydrogen (H + ) cations move into the cell and potassium cations (K + ) and chlorine anions (Cl -) are transported across the plasma membrane against the Ca 2+ gradient (AZIZ et al., 2007) . Elicitors also motivate ion fluxes across plant cell membranes, leading to alkalization of the incubation medium (AZIZ et al., 2007) . In this study, we monitored the pH of the medium after laminarin treatment. The results showed that the pH of the medium increased significantly as a result of treatment with a concentration of 1 mg ml -1 laminarin, with the highest pH observed 35 min after the treatment (Fig. 1) . The pH then decreased slowly, returning to the initial level 95 min after treatment. The pH of sterile water-treated poplar cells did not increase. Suspension cells of both tobacco (KLARZYN-SKI et al., 2000) and grapevine (AZIZ et al., 2007) showed the same pattern of pH changes when treated with Botrytis cinerea and laminarin, respectively. The alkalization response was detected within 5 min and 20 min in tobacco and grapevine cells, respectively, after treatment. The difference in the response time might be due to the difference on plant species, growth conditions and elicitor treatment conditions. Thus, these results imply that poplar cells recognized laminarin as an elicitor and initiated defence responses, observable as ion transition in this study.
SSH library construction
To isolate laminarin-induced transcripts from poplar cells, we constructed two subtracted cDNA libraries using tester mRNA from cells treated with laminarin for 5 min and 6 h, and driver mRNA from water-treated cells. A total of 1,269 clones from the two libraries were sequenced. The average read length of the total 963 high quality sequences derived from these, after trimming low quality regions, vector, and adaptor sequences, was 386 bp. The ESTs were submitted to GenBank with accession numbers GE298864-GE299826.
cDNA microarray analysis
A cDNA microarray, consisting of 265 unique subtracted cDNAs, was fabricated to allow identification of genes differentially expressed in response to laminarininduced elicitation. RNA samples from cells treated with laminarin were collected at 5 min, 5 h, and 24 h after treatment since it was our intention to investigate the early responses of poplar cells, along with water-treated control cells at the same time points, and were used for microarray hybridization in two individual experiments. From the these experiments, 37 clones with ratios (treated/untreated) of more than 1.5-fold were identified as significantly altered in expression in response to treatment with laminarin ( Table 2) . Among these clones, 12 showed upregulation over all three time points, three were upregulated only at 5 min after treatment, nine only at 5 h, and five were only at 24 h. Two clones showed upregulation at both 5 min and 5 h after treatment and the remaining six were upregulated at both 5 and 24 h.
Characterization of the upregulated genes
All 37 upregulated clones were functionally annotated by comparison against the GenBank nr protein database using BLASTX; 25 clones had similarity to known proteins (score ≥ 80). Gene-by-gene analysis was conducted to obtain detailed information on the responses of poplar cells after laminarin-induced elicitation ( Table 2) .
Plant defence responses are regulated by complex regulatory networks of signal transduction and transcriptional regulation (SPOEL and DONG, 2012) . Cell surface receptors sense environmental changes and transduce external signals via activated signaling pathways to trigger defence responses (KIM et al., 2009 ). Receptorlike protein kinases sense potential pathogens by recognizing elicitors (HEESE et al., 2007) . In our dataset, a gene encoding receptor-like protein kinase 3 (PO05008C01) was upregulated at both 5 and 24 h after treatment with laminarin. Transcription factors, which bind to cis-elements in the promoters of defence genes, play pivotal roles in the expression of defence genes. A Table 2 . -Genes upregulated in poplar cells by laminarin-induced elicitation. Kim et. al.·Silvae Genetica (2013) 62/4-5, 239-245 DOI:10.1515/sg-2013-0029 edited by Thünen Institute of Forest Genetics gene for the basic helix-loop-helix (bHLH) family protein (PO06001G10) was upregulated at 24 h after laminarin treatment. bHLH family proteins are known to play a role in the JA signaling pathway (PAUWELS and GOOSSENS, 2011) . The highly conserved eukaryotic dimeric molecules, 14-3-3 proteins, play a central role in the regulation of the activities of many transcription factors and other signaling proteins, including kinases, in the MAP cascade, which has important roles in development, stress, and disease responses (LALLE et al., 2005; ROBB et al., 2007) . Levels of jasmonic acid and ethylene, both of which are important signaling molecules in the activation of defence genes (MITTLER and CHEUNG, 2004) , are also regulated by 14-3-3 proteins. This coordinated expression of regulatory proteins involved in complex signaling pathways induces biosynthesis of phytohormones, such as jasmonic acid and ethylene, and finally results in the synthesis of PR proteins (ALMAGRO et al., 2009) . A gene encoding the 14-3-3 protein, PO06001C12, was upregulated over all three time points after laminarin treatment.
Two genes involved in phytohormone biosynthesis were upregulated by laminarin-induced elicitation in poplar cells. A gene for a cytochrome P450 family protein was upregulated at both 5 and 24 h after treatment. Cytochrome P450 proteins are involved in the biosynthesis of plant primary and secondary metabolites and also in jasmonic acid biosynthesis (GUTTIKONDA et al., 2010) . In many plants, cytochrome P450s are highly induced by elicitors, wounding, xenobiotics, and pathogens (BOLWELL et al., 1994) . S-adenosyl-L-methionine synthetase catalyzes the conversion of methionine into S-adenosylmethionine and is also involved in the biosynthesis of polyamines and ethylene (YUAN et al., 2008) . A gene for S-adenosyl-L-methionine synthetase, PO06008C02, was transiently induced at 5 h after treatment with laminarin. It is well known that phytohormones, including jasmonic acid and ethylene, are closely associated with plant defence responses against pathogen attacks (YUAN et al., 2008) .
PR proteins are induced in response to pathogens and have protective roles (SELS et al., 2008) . A gene for the acidic class III chitinase, PR-8 (PO06002G03), was upregulated over all three time points after laminarin treatment. Chitinase is thought to have a role in defence against pathogenic attacks, as chitin is a component of fungal cell walls and of the exoskeleton of insects. This gene was also highly induced in various other plants by wounding, jasmonic acid, or ethylene treatment (RAKWAL et al., 2004) . Another gene for a putative PR protein, PO06004C10, was also upregulated by laminarin. Signal transduction pathways triggered by pathogen attacks lead to the reinforcement of cell walls and lignification (ALMAGRO et al., 2009) . Genes involved in lignification were upregulated by laminarin treatment. Genes encoding caffeoyl-CoA-3-O-methyltransferase, CCoAOMT (PO06003G07), and a class III peroxidase, PO06002D02, were upregulated 5 h after treatment. CCoAOMT participates in lignin biosynthesis, and class III peroxidase is involved in broad range of physiological processes, including lignin and suberin formation, as well as crosslinking of cell wall components (ALMAGRO et al., 2009 ). In potato, it was suggested that CCoAOMT and peroxidase may play a role in the suberization process in damaged epidermis (BAREL and GINZBERG, 2008) .
Peptidases play important roles in protein synthesis and turnover. They facilitate the turnover of damaged proteins, directly inactivate digestive enzymes, and modulate induced defences as activators of peptide hormones in plant defence signaling (RALPH et al., 2006) . Two genes encoding peptidases were upregulated by the treatment. Genes for a threonine endopeptidase, PO06004H05, and peptidase M, PO06001C06, were upregulated over all three time points investigated. Alongside the upregulation of peptidases, three genes involved in protein synthesis were also upregulated by the treatment; one gene for translation elongation factor 1A-8, PO05008D08, and two genes for 40S ribosomal proteins, PO05008F03 and PO05008H03, were differentially expressed within 5 min after treatment. Highly increased expression of these proteins as a result of pathogen attacks has been reported in many plants, and their accumulation may be involved in the synthesis of certain defence-related proteins (YUAN et al., 2008) .
Programmed cell death (PCD) is important in various aspects of differentiation, development, and environmental responses, including pathogen attack (COLL et al., 2011) . A hypersensitive reaction, involving PCD, provides resistance against many pathogens (ROBB et al., 2007) . A gene for hypersensitive-induced reaction protein 1, PO06001C05, was induced within 5 min of treatment with laminarin and its expression was maintained until 24 h. It is suggested that ABC proteins in plants may be directly involved in defence via transport of signaling molecules, such as jasmonic acid, and phytochemicals, such as terpenoid (RALPH et al., 2006) . A gene for a PDR-type ABC transporter (PO06006E09) was upregulated 5 h after treatment. Trans-cinnamate 4-hydroxylase, C4H (PO05002B09), is involved in synthesizing various secondary metabolites that participate in plant development and adaptation (BAEK et al., 2008) . Induction of C4H as a plant defence response to fungal infection is well documented (SCHMIDT et al., 2004) .
Verification of microarray data by RT-qPCR
To verify the changes in mRNA abundance identified by microarray analysis, we selected three genes that were significantly upregulated by laminarin-induced elicitation and analyzed their expression by RT-qPCR. All three genes showed higher expression ratios by RTqPCR than those determined by the microarray, showing that both techniques identified increased expression of these three genes (Fig. 2) .
Conclusions
In this study, we have isolated and characterized upregulated genes related to defence responses in poplar suspension cells by laminarin-induced elicitation. The number of significantly upregulated genes in this study represents only a small fraction of the transcriptome of poplar cells; nevertheless, our data illustrate the considerable breadth of the modulation of the defence responses of these cells, from signal transduction to accumulation of PR proteins. The organized upregulation of genes involved in signal transduction, transcriptional regulation, and phytohormone biosynthesis suggest that our dataset may be a good starting point to understand the molecular responses of the tree to pathogen attacks. We also discuss changes in expression of genes encoding PR proteins, peptidases, and an ABC transporter, as well as genes involved in lignification, and protein synthesis and turnover. We are confident that the upregulated genes identified in this study are likely to be confirmed as contributing to the acquisition of resistance against pathogens through more detailed functional characterization.
